Pressure overload enhances salt-induced sympathoexcitation through hypothalamic mineralocorticoid receptor (MR)-epithelial Na channel activation. Pressure overload also increases hypothalamic angiotensin type 1 receptors (AT1R). However, the role of AT1R in pressure overload-induced MR activation and salt-induced sympathoexcitation remains unknown. Therefore, the aim of the present study was to address this question. We performed aortic banding (AB) on mice from the Institute of Cancer Research. The expression of hypothalamic MR, serum/glucocorticoid-induced protein kinase-1 (SGK-1) and AT1R increased independently of plasma renin activity at 2 or 4 weeks after AB. Next, we performed AB in AT1aR-knockout (KO) mice and c57BL6/J wild-type (WT) mice. Sham-operated (Sham) mice were used as a control. Four weeks after AB (AB-KO or AB-WT), the expression of hypothalamic MR and SGK-1 increased in both AB-WT and AB-KO compared with Sham-WT and Sham-KO, respectively. The expression of AT1R was also greater in AB-WT than in Sham-WT. In addition, mice were fed a high-salt (8%) diet for an additional 4 weeks (ABH-KO and ABH-WT). High salt loading increased the urinary excretion of norepinephrine, a marker of sympathetic activity in ABH-WT, concomitant with hypothalamic MR activation, but not in ABH-KO. These results indicate that pressure overload activated hypothalamic MR independently of AT1R. After salt intake, however, AT1R was necessary to maintain hypothalamic MR activation and salt-induced sympathoexcitation.
INTRODUCTION
High salt intake causes sympathoexcitation and blood pressure elevation, particularly in salt-sensitive models. 1, 2 It is well known that the central nervous system has an important role in salt-induced sympathoexcitation and hypertension. [3] [4] [5] Intracerebroventricular infusion of high-Na artificial CSF enhances sympathetic activity and increases blood pressure in both the salt-sensitive and salt-resistant models. The degree of increase, however, is greater in the salt-sensitive models than in the salt-resistant models. 6 In addition, we confirmed that there was also a greater blood pressure elevation in response to high-Na intracarotid artery infusion in the salt-sensitive model than in the salt-resistant model. 7 Therefore, an inappropriate response to high Na levels in the brain is suggested to be a key factor in saltsensitive hypertension.
We recently reported that mice with pressure overload acquired salt sensitivity for sympathetic activity. 8 In mice with pressure overload, but not in Sham mice, high salt intake causes sympathoexcitation. Intracerebroventricular infusion of high-Na artificial CSF causes sympathoexcitation both in mice with pressure overload and in Sham mice. However, the degree of induction of sympathetic nerve activation is greater in mice with pressure overload than in Sham mice. We also confirmed an increased Na concentration in the brains of mice with pressure overload after salt intake. 8 These results suggest that in mice with pressure overload, the responses of sympathetic nerve activation to high Na levels in the brain is enhanced inappropriately. Furthermore, we confirmed that in mice with pressure overload, the hypothalamic mineralocorticoid receptor (MR)-epithelial Na channel (ENaC) pathway contributes to the acquisition of salt sensitivity for sympathetic activity. 9 In this model, the expression levels of hypothalamic angiotensin type 1 receptors (AT1R) also increased. Brain AT1R is known to be involved in sympathoexcitation in animal models of hypertension and heart failure. [10] [11] [12] [13] However, the role of hypothalamic AT1R in pressure overload-induced MR activation and salt-induced sympathoexcitation remains unknown. Therefore, the aim of the present study was to answer this question. To this end, we performed aortic banding (AB) to create a pressure overload model using Institute of Cancer Research (ICR) or AT1aR-knockout (KO) mice and measured the plasma renin activity (PRA), plasma aldosterone concentration (PAC), sympathetic activity by urinary norepinephrine (uNE) excretion in response to a high-salt diet, MR expression, serum/glucocorticoid-induced protein kinase-1 (SGK-1, a marker of MR activity) expression, ENaC expression and AT1R expression in the hypothalamus.
METHODS Animals
The study protocol was reviewed and approved by the Committee on Ethics of Animal Experiments, Kyushu University Graduate School of Medical Sciences, and conducted according to the Guidelines for Animal Experiments of Kyushu University and the Guide for the Care and Use of Laboratory Animals published by the US National Institute of Health (NIH publication No. 85-23, revised 1996). Ten-week-old male ICR mice (SLC, Hamamatsu, Japan), AT1aR KO mice (Jackson Laboratory, Bar Harbor, ME, USA; B6. 129 P 2 -Agtr1a tm1Unc /J), and C57 black6/J (WT mice; SLC) were used.
Mouse pressure overload model preparation
The suprarenal abdominal aorta was banded in mice (AB mice) under sodium pentobarbital (25-35 mg kg À1 intraperitoneally anesthesia, and the depth of anesthesia was maintained by isoflurane inhalation (1.5-2.0%). The abdominal aorta was constricted at the suprarenal level with 5-0 silk sutures guided by a blunted 27-gauge needle, which was withdrawn as quickly as possible. 10, 11 In the case of ICR mice, the mice were assigned 2 or 4 weeks later as AB2 or AB4 mice, and Sham mice served as control (Sham2 mice or Sham4 mice, respectively). In the case of the KO/WT mice, the mice were classified 4 weeks later as AB-KO mice or AB-WT mice, and Sham mice served as the control (Sham-KO or Sham-WT). Furthermore, the AB-KO mice, AB-WT mice and Sham-WT mice were fed with a high-salt (8% NaCl) diet for an additional 4 weeks (ABH-KO mice, ABH-WT mice, and ShamH-WT mice).
Evaluation of left ventricle systolic function
The left ventricle (LV) systolic function was evaluated by echocardiography. Serial M-mode echocardiography was performed on mice under light sodium pentobarbital anesthesia with spontaneous respiration. We used an echocardiography system (SSD5000; Aloka, Tokyo, Japan) with a dynamically focused 10-MHz linear array transducer. M-mode tracings were recorded from the short-axis view at the level of the papillary muscle. The LV end-diastolic diameter (LVDD), LV end-systolic diameter (LVSD) and LV wall thickness (LVWT) were measured. The LVWT was calculated as the mean thickness of the interventricular septum and the posterior LV wall. The per cent fractional shortening (%FS) was calculated as follows: %FS ¼ (LVDD ÀLVSD)/ LVDD Â 100.
Measurement of PRA and PAC
To measure PRA and PAC, within minutes after the mice were injected with an overdose of sodium pentobarbital, a blood sample was collected from the right ventricle into a standard EDTA-containing syringe. The plasma obtained by centrifugation for 10 min at 6000 r.p.m. was used for the PRA and PAC measurements. PRA was measured by radioimmunoassay using a kit for animal samples (SRL Inc., Tokyo, Japan), and PAC was measured using an enzyme-linked immunosorbent assay.
Evaluation of sympathetic activity and confirmation of salt sensitivity Sympathetic activity was evaluated by measuring 24-hour uNE excretion using high-performance liquid chromatography (SRL Inc.). 8, 9 The AB2, AB4, Sham2 and Sham4 mice were fed a high-salt diet (8%) or a regular-salt diet for 5 days. Sympathetic activity in response to a 5-day highsalt diet was evaluated by 24-hour uNE excretion to confirm the acquired salt sensitivity.
Measurement of blood pressure and heart rate
Under isoflurane anesthesia (1.5-2.0%), a catheter (stretched PE50 tubing) was inserted into the right carotid artery. PE50 tubing was tunneled subcutaneously from the neck incision to the back of the neck. PE50 tubing was filled with heparinized saline.
After the animals recovered from anesthesia (almost 3 h after surgical procedure), their conscious-state blood pressure and heart rate were measured.
Measurement of organ weight
After completion of the experiments, the mice were killed with an overdose of sodium pentobarbital, and the heart and lungs were removed and weighed.
Western blot analysis
The animals were killed with an overdose of sodium pentobarbital, and the hypothalamus, including circumventricular tissues, was obtained. The tissues were homogenized in a lysing buffer containing 40 mmol l À1 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1% Triton X-100, 10% glycerol, 1 mmol l À1 sodium orthovanadate and 1 mmol l À1 phenylmethylsulfonyl fluoride. The protein concentration was determined using a bicinchoninic acid protein assay kit (Pierce Chemical Co., Rockford, IL, USA). A 15-mg aliquot of protein from each sample was separated on a polyacrylamide gel with 10% sodium dodecyl sulfate. The proteins were subsequently transferred onto polyvinylidene difluoride membranes (Immobilon-P membranes; Millipore, Billerica, MA, USA). The membranes were incubated in immunoreaction enhancer solution (Can Get Signal; Toyobo, Osaka, Japan) with a rabbit immunoglobulin G polyclonal antibody against MR (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), a rabbit polyclonal antibody against SGK-1 (1:1000; Abcam, Cambridge, UK), a rabbit immunoglobulin G monoclonal antibody against AT1R (1:1000; Santa Cruz Biotechnology), a goat immunoglobulin G polyclonal antibody against aENaC, a rabbit polyclonal antibody against bENaC or a rabbit polyclonal antibody against gENaC (1:1000; Santa Cruz Biotechnology). The membranes were then incubated with a horseradish peroxidase-conjugated horse anti-rabbit or anti-goat immunoglobulin G antibody (1:10 000). Glyceraldehyde 3-phosphate dehydrogenase was used as an internal control for the brain tissues. Immunoreactivity was detected by enhanced chemiluminescence autoradiography (ECL Western Blotting Detection Kit; Amersham Pharmacia Biotech, Uppsala, Sweden), and the positive bands on the film were analyzed using the public domain software NIH Image (developed at the US National Institutes of Health and available on the internet at http://rsb.info.nih.gov/nih-image/).
Statistical analysis
All values are expressed as the mean ± s.e. An analysis of variance was used to compare uNE excretion, organ weight, LVDD, LVWT, %FS and protein expression levels between groups. Any two mean values were compared by application of the Bonferroni procedure. Differences were considered significant when the P-value was o0.05.
RESULTS

Acquired salt sensitivity for sympathetic activity in AB mice
The sympathetic activity, as evaluated by uNE excretion in response to the 5-day high-salt diet, was increased in AB2 and AB4 mice but not in Sham2 and Sham4 mice (Figure 1 ). The sympathetic activity did not change in the groups without a high-salt diet.
PRA and PAC in AB2 and AB4 mice Neither PRA nor PAC in the AB2 and AB4 mice differed from those of the nontreated control mice (Figure 2a ).
Blood pressure and heart rate in AB2 and AB4 mice The mean blood pressure was greater in the AB mice than in the Sham mice both 2 and 4 weeks after AB. The mean blood pressure in the AB4 mice was greater than that in the AB2 mice (Table 1) .
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Expression levels of hypothalamic MR, SGK-1, ENaC and AT1R in AB2 and AB4 mice The expression levels of hypothalamic MR, SGK-1, aENaC and AT1R were greater in the AB2 and AB4 mice than in the Sham2 and Sham4 mice (Figure 2b ). The expressions of hypothalamic bENaC and gENaC did not differ between the groups.
Characteristics of AB-KO and AB-WT mice
The body weight, relative heart weight and relative lung weight in the AB mice did not differ from those in the Sham mice (both WT and KO) (Figure 3a) . Echocardiography revealed that LVWT was greater in the AB-WT and AB-KO mice than in the Sham-WT and Sham-KO mice. The %FS did not differ between the Sham mice and the AB mice (both WT and KO) (Figure 3b) . Additionally, the sympathetic activity (measured by uNE excretion) did not differ between the Sham mice and the AB mice (both WT and KO) (Figure 3c ).
Characteristics of ABH-KO and ABH-WT mice
The body weight and relative lung weight in the ABH mice were similar to those in the other groups in both the WT and KO mice. Compared with the AB and Sham mice, the relative heart weight in the ABH mice increased in both the WT and KO mice (Figure 3a) . Echocardiography revealed that the LVWT was greater in the ABH-WT and ABH-KO mice than in the AB-WT and AB-KO mice, respectively. The %FS decreased in both the ABH-WT and ABH-KO mice compared with AB-WT and AB-KO mice, respectively. However, the extent to which %FS decreased was greater in the ABH-WT mice than in the ABH-KO mice (Figure 3b ). In the WT mice, sympathetic activity (measured by uNE excretion) increased in the ABH mice compared with the AB or Sham mice but not the KO mice. Sympathetic activity in the ShamH-WT mice was higher than that in the sham-WT mice but lower than that in the ABH-WT mice (Figure 3c ).
Blood pressure and heart rate in AB and ABH mice The mean blood pressure increased in the AB-WT mice compared with that of the Sham-WT mice, and in the ABH-WT mice, the mean blood pressure was reduced to levels similar to that of the Sham-WT mice. The heart rate tended to increase in the AB-WT AT1R and MR in acquired salt sensitivity K Ito et al mice; a significant increase was observed in the ABH-WT mice compared with the Sham-WT mice (Table 1) .
PAC in AB and ABH mice
In the WT mice, PAC significantly decreased in the ABH mice compared with the Sham or AB mice (Sham-WT, 443 ± 79 pg ml À1 ; AB-WT, 410±68 pg ml À1 ; ABH-WT, 273±81 pg ml À1 , n ¼ 5 for each). In the KO mice, PAC also decreased in the ABH mice compared with the Sham or AB mice (Sham-WT, 569 ± 33 pg ml À1 ; AB-WT, 517±66 pg ml À1 ; ABH-WT, 340±67 pg ml À1 , n ¼ 5 for each).
Expressions of hypothalamic MR, SGK-1, ENaC and AT1R
In the WT mice, the expression of hypothalamic MR, SGK-1 and aENaC were greater in the AB mice than in the Sham mice, and the expression of AT1R also increased in the AB mice compared with that in the Sham mice (Figure 4 ). In the KO mice, the expression levels of hypothalamic MR and SGK-1 also increased in the AB mice compared with that in the Sham mice (Figure 4) . The extent to which the expression of SGK-1 increased in the WT mice, however, was greater than that of the KO mice (1.38±0.06 vs. 1.21±0.02, Po0.05, relative to Sham-WT or Sham-KO, respectively, which was assigned a value of 1). The enhanced expression levels of hypothalamic MR, SGK-1, aENaC and AT1R were maintained after high salt loading in the WT mice (ABH-WT). However, the expression of those proteins after high salt loading in KO mice (ABH-KO) returned to levels equal to that of the Sham mice (Figure 4) . High salt loading did not alter the protein expression in WT mice (ShamH-WT) (MR, 0.96 ± 0.09; SGK1, 0.98 ± 0.08; aENaC, 0.94 ± 0.11, N ¼ 3 for each, relative to Sham-WT, which was assigned a value of 1), and the expression levels of hypothalamic bENaC and gENaC did not differ among the groups.
DISCUSSION
Our findings indicate that mice with pressure overload experienced increased hypothalamic MR activity that was independent of AT1R, and, after salt intake, AT1R is necessary to maintain brain MR activation and salt-induced sympathoexcitation. Thus, we suggest new targets for the studies of the prevention of salt-induced We previously demonstrated that pressure overload activated the hypothalamic MR-ENaC pathway; thus, concomitant salt loading led to sympathoexcitation. 8, 9 We also found that pressure overload increased hypothalamic AT1R, and blockage of the brain AT1R effectively prevented salt-induced sympathoecitation. 8, 9 However, the relationship between AT1R and MR and the role of these receptors in salt-induced sympathoexcitation remained unclear. We induced pressure overload by AB at the suprarenal level. It is possible that activation of the circulating renin-angiotensin system due to a decrease in renal blood flow might have influenced our observations in this study, because circulating renin-angiotensin system is known to affect brain renin-angiotensin system through circumventricular organs. 14 Therefore, we measured the PRA in mice with pressure overload. Both 2 and 4 weeks after AB, the PRA did not increase. In addition, we confirmed that the PAC in AB2 and AB4 mice was also at levels similar to that of the control group. On the other hand, the expressions of hypothalamic MR, SGK-1, aENaC and AT1R were greater in the AB2 and AB4 mice than in the Sham2 and Sham4 mice, respectively. These results indicate that activation of the hypothalamic MR pathway and increased AT1R do not depend on the PRA and PAC. Furthermore, we used AT1aR-KO mice in the present study. Pressure overload significantly increased hypothalamic MR and SGK-1 not only in WT mice but also in KO mice, although the degree of the pressure overload-induced increase in SGK-1 expression was greater in WT mice than in KO mice. These results indicate that the hypothalamic MR pathway is activated, at least in part, by pressure overload mechanisms that are independent of AT1aR.
Another important finding of the present study is that mice with pressure overload needed AT1aR to maintain hypothalamic MR activation after salt intake. The expression levels of hypothalamic MR, SGK-1, aENaC and AT1R were greater in the ABH-WT mice than in the Sham-WT mice, which is in agreement with sympathoexcitation. In contrast, the expression levels of hypothalamic MR, SGK-1 and aENaC in ABH-KO mice were at similar levels to those observed in the Sham-KO mice. Additionally, the sympathetic activity in the ABH-KO mice did not differ from that of the Sham-KO mice, suggesting that salt-induced sympathoexcitation in mice with pressure overload requires AT1aR.
We did not address the role of the AT1b receptor in AT1aR-KO mice in the present study. We previously confirmed that intracerebroventricular infusion of the AT1 receptor blocker failed to prevent pressure overload-induced hypothalamic MR enhancement. 9 In addition, salt-induced sympathoexcitation was completely blocked in the ABH-KO mice in the present study, suggesting the requirement of AT1aR in sympathoexcitation. Expression of the brain AT1b receptor is reported to occur at similar levels in WT mice and AT1aR-KO mice. 15 Based on these findings, we believe that AT1bR is not responsible for salt-induced sympathoexcitation.
The precise mechanism(s) involved in AT1R-independent hypothalamic MR activation remains unknown. Aldosterone is a major ligand of MR, 16 and it has been suggested that aldosterone is synthesized locally in the brain. 17, 18 Hypothalamic aldosterone synthesis is reported to increase by high salt loading in a salt-sensitive hypertensive model. In the present study, pressure overload-induced hypothalamic MR activation was caused before high salt loading; therefore, aldosterone-independent mechanisms might contribute to AT1R and MR in acquired salt sensitivity K Ito et al this mechanism. In the kidneys, small G protein Rac1 was demonstrated to activate the MR pathway in an aldosteroneindependent manner. 19 Therefore, it is possible that a similar mechanism might be responsible for the pressure overload-induced hypothalamic MR activation that is independent of aldosterone. The AT1R-dependent mechanism(s) involved in hypothalamic MR activation and sympathoexcitation after high salt loading also remains unclear. In both WT and KO mice, the PAC in ABH mice decreased compared with that of the Sham or AB mice. This finding suggested that the hypothalamic MR activation was independent of systemic aldosterone. In mice with pressure overload, high salt loading is presumed to increase the Na levels in the CSF, 8 which may increase brain aldosterone synthesis. 18 CYP11B2, an aldosterone synthase, is activated by angiotensin II via AT1R. 20 Therefore, in mice with pressure overload, high salt loading might lead to an increase in aldosterone synthesis via AT1R. Interestingly, the expression levels of hypothalamic MR-SGK-1-aENaC were lower in ABH-KO mice than in AB-KO mice but were at similar levels in Sham-KO mice. High salt loading is reported to decrease MR pathway activity. 21 Therefore, in the AT1aR-absent condition, the MR pathway-inactivated mechanisms might have a significant role in ABH-KO mice. However, we did not address these issues in the present study, and further studies are warranted to clarify the mechanisms.
We failed to demonstrate the attenuation of pressure overloadinduced LV hypertrophy in AB-KO and ABH-KO mice. However, it has been reported that pressure overload induced LV hypertrophy in AT1aR-KO mice. 22 In the present study, we confirmed that aortic banding increased blood pressure in the WT mice. Although we did not measure blood pressure in the KO mice, the baseline blood pressure was B20 mm Hg lower in AT1aR-KO mice than in WT mice. [22] [23] [24] However, the degree of blood pressure elevation due to aortic banding was similar to that observed in the WT mice, 22 and we successfully demonstrated LV hypertrophy in AB-KO mice, which suggests that the impact of aortic banding on LV hypertrophy is similar between WT mice and KO mice. In the present study, we started to feed the mice with a high-salt diet 4 weeks after AB (ABH mice). LV function was more deteriorated in the ABH mice than in the AB mice (both KO and WT). The blood pressure in the ABH-WT mice decreased to levels similar to or lower than those observed in the Sham-WT mice, which was most likely due to LV dysfunction. 8 The decrease in %FS was smaller in the ABH-KO mice than in the ABH-WT mice. The greater decreases in %FS in the ABH-WT mice than in the ABH-KO mice observed in the present study might have been caused by AT1R-mediated salt-induced sympathoexcitation.
In the present study, we evaluated three ENaC subunits (aENaC, bENaC and gENaC) and demonstrated that pressure overload increased the expression of hypothalamic aENaC. ENaC are reported to exist in the choroid plexus 25 and neurons of the hypothalamus and supraoptic nucleus. 26 In addition, a recent study reported that aENaC exists in both magnocellular neurons and parvocellular neurons, but bENaC and gENaC exist only in magnocellular neurons in the hypothalamus. 26 In addition, we recently demonstrated that three ENaC subunits also exist in the choroid plexus and contribute to saltsensitive hypertensive mechanisms in stroke-prone spontaneously hypertensive rats. 7 As we performed western blotting using the hypothalamus including the circumventricular organs, we were not able to precisely determine the site of ENaC expression in the present study. Therefore, further studies are needed to clarify the site specificity and the pathophysiological significances of the enhanced expression of aENaC in mice with pressure overload.
Previously, in the case of ICR mice, we reported increased-aENaC expression in mice with pressure overload (AB mice). The expressions of gENaC, however, increased in mice with pressure overload after salt loading (ABH mice). 9 The reasons for these discrepancies remain unclear. The genetic backgrounds of the response for salt loading differ between ICR mice and c57black/J mice. In fact, c57black/J mice are known as a salt-sensitive model. 27 We also confirmed the saltinduced sympathoexcitation in ShamH-WT mice in the present study without changing the expression levels of hypothalamic MR-SGK-1-aENaC. Therefore, the differences in the genetic backgrounds between the two strains might affect the enhancement of the ENaC subunits in response to high salt loading.
In conclusion, the present findings strongly suggest that pressure overload activates hypothalamic MR independently of AT1R. After salt intake, however, AT1R is necessary to maintain hypothalamic MR activation and salt-induced sympathoexcitation.
